ABSTRACr A spectrophotometric assay of the reductive dechlorination of halocarbons was developed and used to determine the kinetic characteristics of dechlorination of a range of haloethanes catalysed by microsomes from rat and rabbit liver. Analysis of the typical reaction of hexachloroethane shows that the reaction is catalysed by cytochrome P-450 and results in the formation of olefinic products as well as less chlorinated alkanes: in other respects the reaction resembles that known to occur with carbon tetrachloride. The dechlorination of haloethanes catalysed by a vesicular reconstituted system of cytochrome P-450 enzymes from rabbit liver was also studied and found to be similar to that catalysed by microsomes: both reductase and a phenobarbital inducible form of cytochrome P-450 were essential. There is no substantial dependence of maximum dechlorination rate on compound structure, suggesting that the reduction of substrate is not the rate limiting step in the overall reaction. The main factor in determining the apparent binding constant to the enzyme is the partition coefficient into the lipid membrane, as assessed by calculated log P values.
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The metabolism of halogenated hydrocarbons commonly involves dehalogenation, which in many cases is dependent on microsomal cytochrome P-450. Van Dyke and Wineman showed that the dechlorination of chloroalkanes was dependent on NADPH and inhibited by CO; activity was also inducible by phenobarbital but not by 3-methylcholanthrene.' Analysis of the reactivity of halocarbons as a function of their structure has been attempted on the assumption of a single mechanism. 2 We have shown previously, however, the necessity of considering more than one mechanism in order to explain the behaviour of various compounds that have been studied in vitro.34 This is in agreement with the observations of products and mechanisms for those halocarbons that have been studied in detail: these data have been reviewed recently.5 It seems that most dechlorination reactions are oxidative in character, involving an initial attack by an oxygenated complex of cytochrome P-450 on a hydrogen atom, resulting in rearrangement of the product with the loss of a halogen. Nevertheless, at least one other important mechanism of dechlorination exists, which is observed when chemical structure or reaction conditions prevent the oxidative route. This mechanism, of which the metabolism of carbon tetrachloride is the best known example, involves reductive generation of a radical and direct release of a halide ion.
The objectives of this study were: firstly, to define a simple and reliable assay for the reductive reaction, based on the provision of a suitable anaerobic reaction medium.6 This needed to be sufficiently reproducible to allow proper kinetic analysis of the results. Secondly, to apply the assay and kinetic analysis to a range of haloethanes to investigate the structure/reactivity relationship for the reductive reaction. Thirdly, to test the role of cytochrome P-450 isoenzymes and NADPH:cyt P-450 reductase directly by studies using reconstituted systems. Previous studies have reported reconstitution of reductive dechlorination of carbon tetrachloride and halothane in non-vesicular systems comprising 306 cytochrome P-450, reductase, lipid, and detergent.7 8 To allow the use of the better defined and more easily prepared rabbit P-450 enzymes, the reaction was studied using both rabbit liver microsomes, with and without induction by phenobarbital and B3-naphthoflavone, and also the rat liver microsomes that have been the subject of most previous work. These data were then compared with those obtained with purified cytochrome P-450 enzymes isolated from rabbit liver in a reconstituted system of vesicles containing reductase, lipid, and cytochrome. We have investigated the progress of this reaction under favourable conditions in vitro for a series of compounds that were expected to be susceptible to this process. Observed reactivities were correlated with structural features of the reacting species. We have also examined the metabolites formed in vitro from a typical compound, hexachloroethane. Further investigations performed with this compound were designed to examine the effects of the mixed function oxidase inhibitors carbon monoxide and SKF 525A on the reaction.
Methods

PREPARATION OF MICROSOMES
Rat microsomes were prepared from the livers of normal (non-induced) male rats (Alderley Park strain, Wistar derived). The method of preparation has been described.9 Food was withdrawn 24 hours before death, and the washed microsomes were stored under argon at -70°C. Rabbit microsomes were prepared by the method of van To study the effect of SKF525A on the reaction of hexachloroethane, the compound (a gift from Smith, Kline and French, Welwyn) was added in buffer. In the similar experiment with carbon monoxide, the reaction mixture was saturated with the gas by bubbling for two minutes.
IDENTIFICATION OF REACTION PRODUCTS
For aerobic incubations, 25 ml flasks sealed with silicone septa were prepared, containing the following reagents in a total volume of 10 ml: KCI (75 mmol), D-glucose-6-phosphate (5 mmol), NADP+ (250 ,umol), nicotinamide (4-5 mmol), glucose-6-phosphate dehydrogenase (0-25 units/ml), in Tris buffer (as above). For anaerobic incubations, an oxygen scavenging system was incorporated in the reaction system. This consisted of D-glucose, catalase, and glucose oxidase, as used in the spectrophotometric assay. All solutions used in anaerobic incubations were deoxygenated before use, and the headspace of the flask was purged with nitrogen.
Dechlorination of halocarbons by microsomes and vesicular reconstituted cytochrome P-450 systems 307 '4C-hexachloroethane (final concentration 2 ,uM, 41-44 ,uCi radioactivity) was added in 20,l ethanol to the liquid phase and the flasks incubated at 37°C in a shaking water bath. Flasks were sampled immediately after injection of substrate and after 145 minutes. Control incubations with boiled microsomes were run concurrently. The headspace was sampled (1 ml) with a gas-tight syringe, and analysed by gas liquid chromatography. Two columns were used as necessary to separate and identify the labelled metabolite peaks. These were a 15m x 2 mm id glass column packed with 5 5% OV101 on Supelcoport (100-200 mesh), maintained at 80°C, and a 2 m x 2 mm id glass column packed with 60/80 Carbopack B/1% SP1000 (Supelco Inc), maintained at 175°C. Gas chromatography materials were obtained from Phase Separations Ltd (Clwyd). A Pye 104 gas chromatograph with flame ionisation detector and a radiochemical detector (ESI Nuclear) was used. Metabolite peaks were identified by comparison of retention times and by cochromatography with authentic standards. The gas-tight syringe was purged with nitrogen and checked for carry over between samples.
The radiolabelled hexachloroethane (21- '6 and benzphetamine Ndemethylation.'7 Protein concentrations were measured by the method of Lowry et al'8 modified for use with membrane proteins,"9 using crystalline bovine serum albumen as a standard. Cytochrome P-450 content was assayed spectrophotometically20: the specific cytochrome P-450 contents of the purified preparations used in this work were: LM2 12-5 nmol/mg, LM4 1 1-7 nmol/mg. NADPH:cytochrome P-450 reductase was assayed using cytochrome c as oxidant2'; the stock preparation used here had an activity of 52 5 units/mg. (One unit catalyses the reduction of 10 ,uLmol cytochrome c per minute: 0 3 M phosphate buffer pH 7-7, 30°C.)
Results and discussion
The anaerobic assay system allowed the reliable determination of rates of cytochrome P-450 dependent reductive dechlorination reactions catalysed by liver microsomes. In the absence of added substrate the rate of NADPH oxidation was negligible, and on addition of substrate it proceeded linearly for at least two minutes. Using rat liver microsomes with hexachloroethane as substrate, 98% was inhibited by saturation of the assay mixture with CO and 37% inhibited by 100,umol SKF 525A. When phenobarbital induced rabbit liver microsomes were used the CO inhibition approached 100%.
The incubation of microsomes (1-377 mg/ml, 1-4 nmoles P450 per mg protein) and an NADPH generating system with hexachloroethane followed by gas chromatographic analysis of the headspace showed the formation of tetrachloroethane as the major product, under conditions of normal oxygen partial pressure and also anaerobically (fig 1) . The rate under anaerobic conditions seemed to be greater than in the presence of oxygen: although exact quantitation of total product is not possible using the headspace method, the amount of product formed under aerobic conditions appeared to be between 10% and 20% of that formed under anaerobic conditions. A second product, trichloroethylene, was observed under aerobic conditions in small quantities, but was produced in larger amounts in the anaerobic incubation. The other product observed was pentachloroethane. Under aerobic conditions the peak corresponding to this compound was no Dechlorination ofhalocarbons by microsomes and vesicular reconstituted cytochrome P-450 systems 309 Log P is a calculated octanol:water partition coefficient, derived by Mr P J Taylor, ICI Pharmaceuticals Division, using the method of Leo et al.23 ible to further reduction to the olefin in the case of the two-carbon substrates, whereas for carbon tetrachloride .this material is not so readily subject to further metabolism and tends to accumulate. For both the haloethanes and carbon tetrachloride this reductive reaction, although more readily detected under anaerobic conditions, continues at a substantial rate even at the atmospheric partial pressure of oxygen, which is higher than that to be expected in some tissues-for example, those parts of the liver acinus closer to the central vein. It is therefore supposed that this type of reaction is of physiological and pathological importance. The rate of reductive dechlorination by control rat liver microsomes was assayed spectrophotometrically with a large number of haloethane substrates, at concentrations between 2 and 500 ,umol. These findings suggest that the reductive dechlorination reaction is preferentially catalysed by a cytochrome P-450 isoenzyme that is induced by phenobarbital, possibly the major phenobarbital inducible form. This hypothesis was tested by the isolation from rabbit liver microsomes of the major phenobarbital induced isoenzyme (LM2), and the isolation of the major aromatic hydrocarbon inducible form (LM4) for comparison. These proteins were isolated rapidly and in good yield by a new combination of chromatographic techniques described fully elsewhere.'2 The purified cytochrome P-450s were reconstituted with and without rabbit liver NADPH:cytochrome P-450 reductase, in defined lipid bilayer vesicles of dilauryl phosphatidyl choline. Vesicles containing LM2 and reductase were active in the NADPH dependent demethylation of benzphetamine, but not the NADPH dependent de-ethylation of ethoxyresorufin, whereas the opposite was true of vesicles containing LM4 Figure 4 shows the effect of log P in compensating for the variation in apparent K., assuming the substrates bind from the membrane phase. Thus in this system it appears that neither Vm,, nor the "true" Km is strongly dependent on the nature of the substrate and that the rate determining step may be independent of substrate. No activity was observed with vesicles containing LM2 alone or reductase alone, nor with vesicles containing LM4 and reductase. The reaction is therefore catalysed only by certain cytochrome P-450 isoenzymes, and is entirely dependent on a flow of electrons from NADPH via NADPH:cytochrome P-450 reductase. The possibility that NADPH, cytochrome b, and NADPH: cytochrome b5 reductase could also participate as electron donors to cytochrome P-450 was not investigated.
The data presented here are the first direct evidence that the reductive dechlorination pathway shown for a wide range of haloethanes is a specific property of certain cytochrome P-450 isoenzymes. 
